Objectives: We studied the occurrence of diverse copper (Cu) tolerance genes from Gram-positive bacteria and their co-transfer with antibiotic resistance genes among Enterococcus from diverse sources.
Introduction
Enterococcus are widespread in nature and able to survive a variety of physical and chemical challenges, often by the acquisition of diverse genetic elements, which participate in their adaptation to different hosts and/or environments. 1, 2 Over the last two decades, Enterococcus faecium and Enterococcus faecalis became increasingly important nosocomial pathogens worldwide, mostly associated with particular multidrug resistance clonal lineages resident in the hospital environment. 3 The selective pressure due to the use of antibiotics in hospitals and farms has supported the maintenance of multidrug-resistant (MDR) successful clones in particular ecosystems, but co-selection of MDR isolates by other compounds widely used in these settings, such as metals or biocides, has been less explored. Copper (Cu) is an essential metal for living organisms and plays a critical role in several cellular processes; thus, it is extensively used as a feed additive for the growth promotion of farm animals (e.g. pigs and poultry). 4 -6 Nonetheless, high concentrations of Cu are toxic for living cells, making this compound suitable to be used for control of microorganism growth on surfaces. 7 Several resistance mechanisms to overcome high concentrations of Cu, either intrinsic or acquired, have been described (e.g. efflux pumps and cellular detoxification), although only a few studies addressed the mechanisms associated with tolerance to Cu in Enterococcus. 4,5,8 -12 Cu homeostasis has been mostly analysed in Enterococcus hirae (copYZAB system; associated with a CuSO 4 MIC ,8 mM) 11 and less in other species. 13 Also, toxic levels of Cu can be overcome by the tcrYAZB gene cluster (CuSO 4 MIC .8 mM), the only transferable CPx-type Cu ATPase gene described in Enterococcus. It was initially identified on the pA17sv1 plasmid, which harboured genes encoding resistance to macrolides [erm(B)] and glycopeptides (vanA). 9 The distribution of the tcrYAZB gene cluster among Enterococcus was scarcely evaluated in environments besides the animal setting and a few geographical locations. 8,14 -17 Also, the occurrence of other mechanisms against high Cu concentrations identified in Enterococcus spp. (e.g. the multicopper oxidase cueO identified in a single strain of E. faecium) 18 or other genes carried by different Gram-positive bacteria (e.g. Lactococcus, Listeria and Bacillus) 11 commonly sharing the same ecosystems has never been explored.
The aim of this study was to obtain a snapshot of the occurrence of diverse Cu tolerance genes described in Gram-positive bacteria and their co-transfer with antibiotic resistance genes among Enterococcus from diverse sources.
Methods
Epidemiological background, species identification and study of antibiotic susceptibility Nine hundred and twenty-two isolates were obtained from different sources (hospitalized and healthy humans, animals, foods, sewage and the environment) of the north, centre and south of Portugal during 1996-2012. Samples were collected from: (i) hospitalized humans (110 clinical isolates from different patients at five hospitals); (ii) healthy humans (126 isolates from faeces of 79 individuals); (iii) the environment (51 isolates from 16 water samples from hospital sewage and 3 isolates from 2 water samples of an urban river); (iv) food for human consumption (155 isolates from 75 poultry carcass lots of 11 brands sold across Portugal, 25 isolates from 7 lots of muscle/viscera of rainbow trout sold in four supermarkets and 2 samples from an aquaculture, and 21 isolates from 18 ready-to-eat salads of 7 brands); and (v) the animal production setting [232 isolates from 71 samples of six piggeries (animal faeces/skin, animal residues, feed/drinking water, air, walls/floors/equipment/dust of facilities) and 199 isolates from 41 samples of two trout aquacultures (water/sediment, feed samples)].
The feed available to fish in the trout aquacultures analysed in this study contained 3 ppm of CuSO 4 . In one of the piggeries (designated as Piggery III in Table 2 ), CuSO 4 was used for belly-bottom disinfection in piglets. In Portugal, commercialized feed for swine and poultry contains 25 and 5 ppm of CuSO 4 , respectively, which are within CuSO 4 concentrations allowed by the European Union in feed (maximum of 175 ppm). 6, 19 Enterococcus were identified by standard methods (Gram, catalase, esculin hydrolysis and growth in 6.5% NaCl) and PCR (E. faecium, E. faecalis, Enterococcus gallinarum, Enterococcus casseliflavus, Enterococcus durans and E. hirae). 20, 21 Susceptibility to vancomycin, teicoplanin, ampicillin, tetracycline, erythromycin, quinupristin/dalfopristin, ciprofloxacin, chloramphenicol, nitrofurantoin and high concentrations of gentamicin and streptomycin was determined by agar dilution or disc diffusion methods following CLSI guidelines. 22 The search for genes encoding resistance to glycopeptides (vanA, vanB, vanC1, vanC2), macrolides [erm(A), erm(B),
and ampicillin (pbp5) was performed by PCR as described previously. 20, 23, 24 The primers used for the search of aadE (aadEF, 5
′ -TCAGCGGCATATGTGCTATC-3 ′ ; aadER, 5 ′ -TTCGAATTGTGACCCT TGAG-3 ′ ) were designed according to the sequence described in plasmid pS177 (GenBank accession no. HQ115078.1). Part of the isolates analysed in this work corresponds to Enterococcus from previous surveillance studies and were selected from each source based on the following features: different samples, species and antibiotic resistance profiles, 20,25 -28 while those obtained between 2010 and 2012 have been firstly characterized in this study.
Study of Cu susceptibility
Genes previously associated with tolerance to high concentrations of Cu were searched for by PCR (Table S1 , available as Supplementary data at JAC Online). The proteins encoded by the genes include two Cu export ATPases (tcrB and copB pDBORO genes) and three multicopper oxidases (cueO, mco p5578 and mco pBMB171/P0245 genes). The primers and GenBank sequences used for primer design are described in Table S1 . The following bacteria were used as positive controls in PCRs: Bacillus thuringiensis BMB171 (mco pBMB171/P0245 gene; GenBank accession no. CP001904.1), Listeria monocytogenes 08-5578 (mco p5578 gene; GenBank accession no. CP001603.1), Lactococcus lactis subsp. cremoris MB301 with pDBORO plasmid (copB gene; GenBank accession no. DQ089807.2) and E. faecium E289 (tcrB and cueO genes; this study). A positive amplicon from each PCR was sequenced and compared with known GenBank sequences to validate the method.
Isolates harbouring (n¼83) or lacking (n ¼96) any of the genes studied, from different species, sources and dates of isolation and with diverse antibiotic resistance phenotypes, were selected for Cu tolerance phenotypic assays. The MICs were determined by the agar dilution method using Mueller-Hinton II agar plates supplemented with CuSO 4 adjusted to pH 7.2 (0.0156, 0.0312, 0.0625, 0.125, 0.25, 0. 5, 4, 8, 12, 16, 20, 24, 28, 32 and 36 mM) as described previously. 29 A 1 mL aliquot of a 10 7 cell suspension of each bacterium was applied to the CuSO 4 -supplemented medium. 29 The plates were incubated at 378C and read at 24 h. The first CuSO 4 concentration without visible bacterial growth was considered as the MIC. E. faecium BM4105RF (negative for all genes tested; MIC of CuSO 4 ¼8 -12 mM) was used as a control strain. 10, 14 Clonal relatedness Clonality was established in representative E. faecium (n¼75), E. faecalis (n ¼20), E. hirae (n¼4), E. casseliflavus (n¼3) and E. gallinarum (n¼3) by PFGE (SmaI enzyme). Strains were selected based on the carriage of Cu tolerance genes, species, source, sample type, date of isolation and antibiotic resistance phenotypes. 20, 30 Multilocus sequence typing (MLST) was also performed for E. faecium (n¼45) and E. faecalis (n¼14) representative of different PFGE types (http://www.mlst.net).
Conjugation assays
Transfer of Cu resistance was analysed for isolates carrying tcrB and/or cueO (E. faecium, n¼34; E. faecalis, n¼7; and other species, n¼3) or lacking known genes, but exhibiting high MIC values of CuSO 4 (≥16 mM, corresponding to a concentration above the MIC for control strain E. faecium BM4105RF; 21 E. faecium, 3 E. faecalis, 1 E. hirae and 3 Enterococcus spp.), which belonged to different clonal lineages. It was performed by the filtermating method at a 1 : 1 donor:recipient ratio using E. faecium BM4105, E. faecium GE1 or E. faecalis JH2-2 as recipient strains (all resistant to rifampicin and fusidic acid; E. faecium GE1 also resistant to tetracycline). Transconjugants were recovered after incubation at 378C for 24-48 h from plates of brain heart infusion agar supplemented with 30 mg/L rifampicin, Silveira et al. Tolerance to Cu and co-transfer of antibiotic resistance was confirmed at the phenotypic and genotypic levels as described above.
Statistical analysis
Differences in the prevalence of Cu tolerance genes among species and ecological niches and the distribution of antibiotic resistance among Enterococcus with/without Cu tolerance genes were analysed using Fisher's exact test (a¼0.05) using GraphPad Prism software, version 6.0a.
Results

Prevalence of genes encoding Cu tolerance and epidemiological background
In this study, 348 E. faecium, 321 E. faecalis, 75 E. hirae, 29 E. gallinarum, 19 E. casseliflavus, 6 E. durans and 124 isolates that could only be identified to the genus level were included. The tcrB and cueO genes were detected in 15% (n¼ 137/922) and 14% (n¼ 128/922) of Enterococcus, respectively (tcrB + cueO¼ 101, tcrB ¼ 36 and cueO¼ 27, corresponding to 62%, 22% and 16% of the 164 isolates carrying Cu tolerance genes, respectively). These genes were spread in different environments, with the highest occurrence found in piggeries (P,0.05; Figure 1 ). Both of them were more frequently found among E. faecium than among other species (tcrB: 23%, 8% and 12% among E. faecium, E. faecalis and other species, respectively; cueO: 25%, 5% and 9% among E. faecium, E. faecalis or other species, respectively; P,0.05). None of the other genes searched for was detected.
Susceptibility to CuSO 4 and antibiotics
The MIC of CuSO 4 was variable according to the species and the presence/absence of Cu tolerance genes. E. faecium carrying tcrB and/or cueO showed MIC¼ 12 to 36 mM for isolates carrying tcrB (n¼ 11), MIC¼ 8 to 36 mM for those containing tcrB+ cueO (n¼ 33) and MIC¼ 12-24 mM for those carrying cueO (n¼ 19). The CuSO 4 MIC 50 of these isolates was 24 mM, contrasting with those E. faecium without Cu tolerance genes (MIC 50 ¼12 mM) ( Table 1) . For other species, the MIC 50 was similar between the group of isolates with and without Cu tolerance genes (E. faecalis, 32 mM; other species, 16 mM). The analysis of antibiotic resistance profiles revealed that Enterococcus isolates carrying tcrB and/or cueO were more resistant to erythromycin, tetracycline, high concentrations of streptomycin or nitrofurantoin (P,0.05; Figure 2 ).
Clonal relatedness
MDR isolates from different species and belonging to several clonal lineages were identified as carriers of tcrB and/or cueO genes. Seventy-five E. faecium isolates (representing 75% of E. faecium with tcrB and/or cueO) corresponded to 58 PFGE types. From these, 37 isolates representing different PFGE types were identified as sequence types (STs) previously included in the former designated clonal complex (CC) 17 and now belonging to ST18 (ST18, ST132, ST431 and ST670) and ST78 (ST133 and ST393) clonal lineages, as well as in CC5 (ST5, ST6, ST150 and ST185), CC9 (ST148), CC22 (ST32) and CC94 (ST94). Also, the STs ST19, ST30, ST430, ST695, ST101, ST123, ST184, ST421, ST428, ST432, ST434 and ST583, and new STs ST798, ST845, ST846, ST847, ST848 and ST859 not included in the clonal lineages described above were found ( Table 2 ). E. faecium with CuSO 4 MIC ≥16 mM, but lacking known Cu tolerance genes (n¼ 8) (six PFGE types), belonged to the ST18 (ST18 and ST132) clonal lineage and to ST125 and ST280. Twenty E. faecalis isolates (representing 71% of the E. faecalis with tcrB and/or cueO) were classified in 13 PFGE types belonging to CC2 (ST49, ST53, ST260 and ST288), CC21 (ST224) and four singletons (ST16, ST74, ST330 and ST445). Four E. hirae isolates, three E. gallinarum and three E. casseliflavus (representing 27%, 75% and 75% of the E. hirae, E. gallinarum and E. casseliflavus with tcrB and/or cueO) showed two, three and three PFGE types, respectively.
Conjugation assays
The transferability of tcrB and/or cueO was achieved for most of the strains studied (91%, n ¼40/44) and transconjugants could be obtained from medium supplemented with different antibiotics (50%-100%) and CuSO 4 (29%) ( Table S2 , available as Supplementary data at JAC Online). All the transconjugants carrying tcrB and/or cueO presented higher CuSO 4 MICs (16-28 mM) than the recipient strains E. faecium GE1 (MIC¼ 0.0156 mM) and E. faecium BM4105RF (MIC¼ 8 -12 mM). One transconjugant obtained from E. faecalis JH2-2 presented the same MIC as the recipient strain (Table S2) . Resistance to erythromycin (n¼ 52 transconjugants), tetracycline (n¼ 38), high concentrations of streptomycin (n¼ 19), vancomycin (n¼ 15), high concentrations of gentamicin (n¼ 9) and/or ampicillin (n¼ 2) was also co-transferred with tcrB/cueO genes.
Enterococcus (n¼ 28; 21 E. faecium, 3 E. faecalis, 1 E. hirae and 3 Enterococcus spp.; all niches) with CuSO 4 MIC ≥16 mM, but without tcrB/cueO, were also included in mating assays in order to evaluate if other transferable genes encoding Cu tolerance could be present.
Transconjugants of E. faecium GE1 obtained from matings with E. faecium isolates of clonal lineages ST18, ST280 and ST125 after plating in medium supplemented with ampicillin or Cu exhibited an increased CuSO 4 MIC in comparison with the recipient E. faecium GE1 strain (from 0.0156 to 16 -20 mM). The same was detected in a cueO-carrying clinical E. faecium from the ST18 clonal lineage, whose transconjugant had a CuSO 4 MIC of 12 mM, but not the cueO. Resistance to antibiotics was also co-transferred to these transconjugants, namely to ampicillin (n¼ 8), erythromycin (n ¼4), vancomycin (n¼ 4), streptomycin (n¼ 1) or gentamicin (n ¼1) ( Table S2 ). As ampicillin transfer is a rare event, PFGE was performed to confirm the occurrence of true transconjugants, which showed PFGE type patterns similar to the recipient strain E. faecium GE1.
Discussion
This study documents the high occurrence of genes encoding tolerance to toxic concentrations of Cu among different Enterococcus clonal backgrounds, recovered from human, animal, environment and food samples, and often transferred with antibiotic resistance.
Enterococcus spp. were only reservoirs of tcrB and cueO. These genes have been previously found in other bacterial genera (Table S1 ), indicating horizontal transfer among microorganisms sharing common ecosystems, although the same could not be concluded for the other Cu tolerance genes searched for (copB pDBORO , mco p5578 and mco pBMB171/P0245 ). The higher prevalence of tcrB among piggeries than among other animal production settings where Cu is used at lower concentrations (e.g. poultry production farms or aquacultures) suggests strong selection within this environment. The tcrB rates found were lower than those reported for swine from Spain, 8 Denmark 8, 14 and Australia, 16 and higher than those for Sweden and the USA. 8, 15 However, comparative analysis should be taken cautiously because of differences in the Silveira et al. 30 The number after a dot of clones 88, SN208, SN226, 41 and SN205 represents the number of bands differing from the strain considered as the original clone within our collection. Here are represented 59 E. faecium and E. faecalis isolates out of 95 with PFGE, which were included for MLST studies.
experimental design of such studies, with most of them confined to isolates recovered from specific hosts. 8,10,15 -17 The occurrence of tcrB in Enterococcus from humans may be due to the acquisition of strains from the food chain through different kinds of meals (besides pork, tcrB was also observed in poultry meat, trout and ready-to-eat salad isolates).
A correlation between the level of resistance and the occurrence of Cu tolerance genes was observed for most of the E. faecium isolates, which showed MIC 50 values of CuSO 4 similar to those in other studies (24 versus 22 mM) . 15, 31 However, other Cu tolerance mechanisms might also be present in this and other species, as suggested by the increase (.1000 times) of the CuSO 4 MIC for E. faecium GE1 transconjugants that did not acquire tcrB and/or cueO genes and by the frequent occurrence of high CuSO 4 MICs (above the MIC for the control E. faecium BM4105RF) for non-E. faecium species lacking the genes searched for.
The distribution of the tcrB/cueO genes in different species and diverse clonal lineages, as well as successful transfer during conjugation assays, highlight the critical role of horizontal transfer in the adaptation of Enterococcus spp. to toxic concentrations of Cu. The prevalence of the cueO gene, first described in this study, was similar to that of tcrB in isolates recovered from different sources, as both genes were coidentified in most isolates. Their co-transfer during mating assays, as well as the previous identification of a plasmid carrying both genes (GenBank accession no. HM565231.1), suggest they could often occur in the same genetic elements. The identification of cueO in species other than E. faecium is described here for the first time. Besides contributing to detoxification processes when high concentrations of Cu are present in the cell, multicopper oxidases also seem to be involved in the systemic virulence of some bacterial genera 32 -34 and therefore specific studies are needed to clarify the potential roles of cueO among Enterococcus spp.
The use of high amounts of Cu is a current concern, 35 particularly after the demonstration of the selection of the tcrB gene in piglets ,20 kg. 10, 15 This concern increases when tcrB is co-transferred with antibiotic resistance genes, as previously demonstrated by the occurrence of 175-194 kb plasmids carrying this gene along with erm(B), encoding erythromycin resistance. 14, 15, 31 Our results not only confirm the co-transfer of Cu tolerance with erm(B), but also describe the co-transfer of tcrB/cueO with genes encoding resistance to other antibiotics, such as tetracycline or high concentrations of streptomycin. Interestingly, we also documented the frequent co-transfer of Cu tolerance with resistance to first-line antibiotics used to treat severe Enterococcus human infections, such as vancomycin, gentamicin or ampicillin. For the first time, we demonstrated the transfer of resistance to ampicillin along with tcrB, cueO and, particularly, an unknown Cu tolerance mechanism in E. faecium recovered from different sources (e.g. piggeries and clinical isolates) and belonging to important clonal lineages associated with the nosocomial environment (e.g. ST18 clonal lineage). 3 The several antibiotic resistance and Cu tolerance genotypes observed in different transconjugants highlight the involvement of diverse genetic elements in the maintenance of MDR strains in different settings, which could be selected by both antibiotics and Cu. Clonal studies on different Enterococcus species revealed that tcrB/cueO are widespread in several PFGE types, including STs associated with human infections (e.g. E. faecium ST18 and ST78 clonal lineages and E. faecalis CC2) and community sources. 3, 36 In summary, the use of Cu compounds as antiseptics or animal feed additives might contribute to the selection and maintenance of Cu-tolerant MDR isolates in hospitals or farms. Of particular concern is the co-selection of resistance to Cu and first-line antibiotics used for the treatment of severe enterococcal infections, such as glycopeptides, ampicillin and high concentrations of aminoglycosides. More studies are needed to evaluate the critical concentrations of Cu for the selection/maintenance of MDR strains in different environments and to better understand the role of some genes in the adaptation of Enterococcus spp. to different hosts.
